Urban air quality is one of the most prominent environmental concerns for modern city residents and authorities. 5
The highest concentrations of atmospheric pollutants are often found under persistent calm and cold weather conditions. This is also the case for the coastal city of Bergen, Norway, that is subject to this study. Such conditions are characterized by a stably stratified lower atmosphere and strongly suppressed turbulent diffusion (Davy and Esau, 2016; Zilitinkevich and Esau, 2005) . In the most extreme cases, known as temperature inversions, the air temperature is increasing with height trapping the turbulence, and therefore, pollutants, in a shallow layer near the surface. Even in such conditions there 5 could be non-negligible turbulence as well as horizontal transport of pollutants driven by local circulations (Wolf-Grosse et al., 2017a) . If the calm weather conditions persist sufficiently long, concentrations of air pollutants may reach levels in excess of legal thresholds for air pollution (Bergen Kommune, 2019; European Commission, 2019) , while their spatial pattern would be highly heterogeneous.
Local air quality is frequently assessed with simplified statistical models, such as a family of Gaussian models, e.g. CALINE, 10 or with more sophisticated models, which include parametrized turbulent diffusion, such as e.g. AIRMOD (Daly and Zannetti, 2007) . A set of models recommended by the US and European environmental protection agencies could be found correspondingly on EPA (2019) and on EEA (2019) . Statistical models are poor in predicting horizontal pollution transport in turbulent atmospheric boundary layers (ABLs) as they do not account for turbulent eddies, meandering flows and flow-surface structure interactions (Sun et al., 2016) . In recent years, computational fluid dynamics models have been tried in assessments 15 of the urban and road-level dispersion. As an example, one may mention simulations by Steffens et al. (2014) of the wind tunnel experiment conducted by Heist et al. (2009) . This study investigated concentration gradients of a tracer gas under twelve different roadway configurations. It concluded that near-road structures impact dispersion of pollutants near roadways, and therefore, atmospheric modelling is needed to design barriers to control the impact of vehicular emissions.
Recent advances in computational fluid dynamics and growing performance of parallel computers open an opportunity to 20 further extent the model-based urban air quality assessment. Turbulence-resolving, or at least turbulence-permitting, largeeddy simulation models have been already used in several cities to investigate turbulent flows and atmospheric pollution (e.g. Gronemeier et al., 2017; Keck et al., 2014; Park et al., 2015; Resler et al., 2017) . Cécé et al. (2016) used a turbulence-permitting model to study air quality (nitrogen oxides, NOx) in a coastal mountain area of a tropical island where local circulations are well developed and influential. A consistent description of the circulation and 25 pollution effects in a coastal mountain valley can be found in Fernando et al. (2010) . These and other studies convinced us that the large-eddy simulation models could accurately resolve the dispersion of pollutants even in a complex environment without the current need for potentially unsuitable statistical fitting.
This study makes the next step on the bridge between idealized feasibility studies and applied air quality assessments. It utilizes the Large-Eddy Simulation (LES) Model PALM to investigate the dispersion of pollutants in a weakly 30 turbulent ABL under archetypical, but frequently observed, weather conditions, which lead to dangerous deterioration of the air quality, in our case in Bergen. Bergen is embedded in a relatively deep and narrow valley ending in a large ocean fjord.
The minimum distance between the mountains is approximately 1 km when measured across the valley floor; it is approximately 4 km when measured between the mountain peaks. The polluted air during cold winter days tends to accumulate https://doi.org /10.5194/acp-2019-294 Preprint. Discussion started: 8 August 2019 c Author(s) 2019. CC BY 4.0 License. and stagnate in the valley, whereas local circulations redistribute the pollutions across the central city districts. Thus, the local circulations are likely to determine air quality for the districts' populations. The effect of the local circulations could be accounted for in the PALM simulations (Wolf-Grosse et al., 2017a) , but not in statistical models relying on coarse spatial resolution (~ 1 km) mesoscale models.
In this study, the dispersion of nitrogen dioxide (NO2) and small-fraction particulate matter (PM2.5) is modelled over the 5 densely populated central Bergen under weak winds and typical scenarios of measured severe air pollution. As such, this study presents a necessary element of a an integrated urban pollution assessment and warning system envisaged in (Baklanov et al., 2007) . The chosen approach could be useful for the design of high-resolution climate information services assessing informed decision-making at the municipal level (e.g. Bauer et al., 2015; Ronda et al., 2017) . Results from this study have already been adopted by the Bergen Harbour Authority (BOH) to assist their routine assessment of the impact of ship 10 exhaust from the harbour.
The manuscript has the following structure. The next section describes the local geographical and data context for the city of Bergen. The third section presents the modelling approach with PALM and the analysed meteorological scenarios. The fourth section presents the results of this study. The fifth section provides a broader discussion with generalizations of the methodology, data usage and policy implications. The final section briefly summarizes the conclusions. 15
Data

Site description
The western coast of Norway is known for its picturesque mountain landscapes with sea inlets (fjords) penetrating deep into coastal valleys. Similar, if not as dramatic, settings with coastal valleys opening into sea inlets and bays are frequently accommodating harbour cities in other parts of the globe as well. Therefore, as we believe, the methodology and experience 20 described in this study might be of interest to the research and urban management communities worldwide.
Bergen is the second largest city in Norway. The city is located at 60.4°N and 5.3°E. The mountains around the city have peak elevations between 284 m and 643 m above sea level. They protect the valley from storms, significantly reducing the surface layer wind speed (Jonassen et al., 2013) . The northern location with its weak solar irradiation during wintertime and cold air pooling in lower parts of the relief causes frequently observed but highly local temperature inversions during periods with 25 persistently calm and clear weather. These inversions can last through several days. The resulting weak turbulent mixing of the lower valley atmosphere fosters the accumulation of locally emitted pollutants despite only moderate emissions. A climatology of temperature inversions and air pollution events in Bergen was previously reported in .
Bergen has more than 275,000 inhabitants. More than 75,000 of them reside in the central districts, located in the elongated central Bergen valley, which is in focus of this study. The valley opens toward a sea inlet (Byfjorden) in the northwest. It 30 widens towards a large brackish water lake and more residential areas in the southwest. Figure 1 shows the relief of the studied area, the simulation domain, as well as the location of the major air pollution sources in the city. A reader may would like to know that the air quality in Bergen is monitored continuously since 2002 with an increasing number of measurement stations. In addition, a routine air quality forecast exists within the "Bedre Byluft" national project for monitoring and prediction of air pollution in Norwegian cities. The results from the measurements are available under (NILU, 2019) . The predictions can be found under (Miljødirektoratet, 2019) . Both, measurements and predictions are regularly summarised (Bergen Kommune, 2018; Tarrasón et al., 2017 ). The forecast system has recently been changed. It was based on 5 the AirQuis/EPISODE air quality model using meteorological input from a 1 km mesoscale numerical weather prediction (NWP) model specifically run for this application. The new forecast system is based on the "Nasjonal Bergningsverktøy" (NBV) tool. The NBV uses uEMEP as a dispersion model and the control run of the standard METCoOp Ensemble Prediction System (MEPS) for Norway with a 2.5 km spectral resolution as the meteorological input (Denby and Süld, 2015) . With this, the previous AirQuis/EPISODE model at least to some degree included the valley topography into the dispersion calculations 10 via a higher resolution of the meteorological input and a meteorological pre-processor that created a divergence-free wind field in the valley (Baklanov et al., 2007; The World Bank, 2009 ).
Data sets
This study demonstrates the high-resolution modelling methodology using the comprehensive local data context. The model simulations require high-resolution topographic data, emission inventories for the different sources of pollution, and vertical 15 profiles of the large-scale (geostrophic) wind and temperature. All data sources are summarized in Table 1 . Their detailed description is presented below.
The added value of the high-resolution model simulations is created by their ability to resolve the local relief features, which control the air flow and the turbulent dispersion. We run the PALM model with 10 m spatial resolution. To obtain the adequate relief, we used a topographic laser-based data set as described in Wolf-Grosse et al. (2017a) . These topographic data were 20 processed to ensure consistency and eliminate artefacts in the airborne data. The processed data constitute a Digital Elevation Model (DEM) for the Bergen municipality. However, this DEM does not cover the entire simulation domain, as we run the simulations over a significantly larger area to resolve multiple local flows steered by the topographic relief. We extended the DEM adopting Digital Surface Model (DSM) data. The DSM does not include buildings, but outside the urbanized central districts, and sufficiently far away from the focus area, we assume that it is sufficient to resolve the major features of the relief 25 and coastal line.
We selected the typical air pollution scenarios for this study based on joint air quality and meteorological data analysis. Routine air pollution measurements since 2003 are available from two of the local air pollution stations, namely, from the Danmarksplass (DP) and Rådhuset (RH) stations in the central Bergen districts (see Fig. 1 ). The DP station represents an area affected by heavy road traffic, whereas the RH station serves as an urban background reference. We jointly analysed the air 30 quality and meteorological records for several pollution episodes, when high concentrations of NO2 and PM2.5 were observed.
As local meteorological data we used measurements from the automatic weather stations located at the Florida neighbourhood weather conditions we used data from the retrospective meteorological analysis ERA-Interim (Dee et al., 2011) , and from the local boundary layer temperature profiles observed by a microwave radiometer MTP-5HE, which the Nansen Center has operated on top of the Geophysical Institute since 2011.
The central Bergen districts are affected by emissions from three major polluting sources: vehicles on the road network; ships in the Bergen harbour; and wood-burning fireplaces in private residences. The road network is contributing to both, emissions 5 of NO2 and PM2.5. To specify these emissions, we used the gridded traffic density per road segment. It was available from registers at the national road authority for the main streets and from a traffic model run by the national road authority for the side-streets.
Emissions from ships at berth in the harbour are contributing to both, emissions of NO2 and PM2.5. The Bergen harbour is located in the historic city centre, and therefore, ships docked at berth in the harbour can directly contribute to the local air 10 pollution. Here we considered only emissions from supply-vessels for the offshore oil industry, during their periods at berth in Bergen harbour. The impact of these ships being docked right in the city centre of Bergen to local air pollution is still highly disputed by the local population. The BOH provided us with data to specify the ships' location in the harbour between January 2015 and March 2016. For the emission rates per ship we used the emission factors from the certification documentation of two representative ships. 15
Domestic heating with wood-burning fireplaces only contributes to emissions of PM2.5. We assessed these emissions through accounting for estates with registered active fireplaces. These data were provided by the Bergen Fire Department. For the emission rates per fireplace we used typical emission factors for the existing mixture of new, clean burning wood ovens and older ones with higher emissions. All three emission sources are graphically summarised in Figure 1 .
Model 20
The PALM Model
The high-resolution air-quality assessment requires a proper atmospheric model, which is able to resolve the most energetic turbulence eddies in fully three-dimensional simulations. This ability to resolve the turbulent motions and interactions across a multitude of scales distinguishes the turbulence-resolving, or at least turbulence-permitting, LES models from more traditional meteorological and cloud-resolving models. The traditional meteorological models have the whole turbulence 25 spectrum collapsed in their closure schemes, even if those models are running at 1 km or sometimes higher resolutions. The turbulence closure schemes are designed for weakly stratified, horizontally homogenous ABLs over a flat terrain. Their application to a strongly stably stratified ABL commonly results in excessive vertical mixing, and hence, in erroneous pollutant transport. The results of the GABLS inter-comparison exercises are instructive to one working with this issue (Cuxart et al., 2006; Holtslag et al., 2013; Vignon et al., 2017) . 30 We used the PALM (version 4.0, revision 1550) code in this study. The PALM code is developed by the PALM group at the Leibnitz University of Hannover, Germany . This model solves the primitive hydro-and thermo-dynamic https://doi.org/10.5194/acp-2019-294 Preprint. Discussion started: 8 August 2019 c Author(s) 2019. CC BY 4.0 License. equations for incompressible, Boussinesq fluid. We ran the model for dry atmospheric conditions. This choice simplifies the model setup and is motivated by the fact that the worst air quality was always observed during fair-weather conditions, under prolonged occurrence of temperature inversions in the Bergen valley. Thus, the model was initiated only with temperature and wind profiles. The initial wind profiles also serve as geostrophic wind profiles or forcing, which drives the PALM simulations via the geostrophic wind term. 5
We ran PALM over a geographical domain centred on Bergen municipality. The domain spans 12.79 km in the zonal (East-West) and 17.27 km in the meridional (North-South) directions (left panel, Fig. 1 ). The surface geometry was set by the DEM-DSM data. The lateral boundary conditions in the model runs were periodic. The domain includes a 1000 m wide buffer zone at the outer boundaries of the model domain. This buffer was necessary to linearly interpolate the surface geometry, making it periodic in both lateral directions. We set the model grid resolution to 10 m. The grid is vertically stretched by 1% for each 10 subsequent grid level above 750 m. In total there were 128 vertical grid levels reaching 1450 m above the sea level, which is more than two times the height of the highest mountain peak within the model domain. The surface boundary conditions were different for the land and water surfaces. We used the Neumann (constant flux) condition for the land grid cells, as they have low heat capacity and quickly adjust the skin temperature. For the water grid cells, we used the Dirichlet (constant temperature) condition, as water has a large heat capacity and retains an almost constant skin temperature over the simulation time window. 15
Turbulent mixing is an irreversible process. It changes the temperature stratification and the wind profiles in the model also during the model spin-up. We counteract this difficulty by introducing a nudging routine. It relaxes the horizontally averaged temperature profile towards the initial temperature profile. This nudging is enabled only above the first local grid level over the surface. The relaxation time scale is = 43200 s at elevations < 400 m above the sea level. This time scale linearly decreases to = 1800 s at > 600 m. Nudging is therefore very weak in the lower parts of the atmosphere, allowing the 20 temperature profile inside the Bergen valley to be determined dynamically through the boundary conditions. In the free atmosphere above the mountains, we applied much stronger nudging, retaining the initial temperature profile. A simpler setup of the PALM model has been tested successfully in its application to the stably stratified ABL inside the Bergen valley (Wolf-Grosse et al., 2017a) .
In order to simulate the dispersion of pollutants from the relevant sources, we used constant emission rates per grid cell. The 25 emission rates were set separately for each of the three emission sources. Hence, NO2 and PM2.5 tracers from the harbour, chimneys and roads are simulated independently. In the applied model version of PALM, all pollutants are treated as passive tracers. We argue that this is a reasonable choice for the wintertime air quality assessment in a local high-latitude domain. The background near surface ozone (O3) that could serve as a source of additional NO2 from existing NO is greatly depleted during the winter months. Sunlight that could lead to a photolytic conversion of NO2 to NO and O3 is largely absent. The nucleation 30 of NO2 into nitrate particles is slow compared to the transport and mixing processes. The particle growth beyond the PM2.5 limits is also a slow process, whereas the particle wet scavenging is minimal under the clear sky conditions considered in this study. Gravitational settling of particles for the size range below 2.5 µm is slow.
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Scenarios
The high-resolution environmental assessment and modelling is still a costly and computationally demanding exercise. Therefore, we selected the most relevant and impactful scenarios of high air pollution using joint statistical analysis of the long-term air quality and meteorological observations (Wolf-Grosse et al., 2017b; .
Here we will not repeat the details of that analysis. Nevertheless, a brief summary might be useful for new readers. Studies of 5 the extreme deterioration of the air quality may frequently benefit from the fact that the high concentrations of pollutants are reached after several hours (or even days) of persistently calm clear-sky weather. Such weather conditions are limited to a few specific sets of local values of the meteorological parameters. The high concentrations are mostly observed under southeasterly winds over the Bergen valley. Due to a complex interaction between the locally forced circulation and the large-scale winds, the wind direction in the city is mostly south-easterly, too. That means, the air moves from the city towards the Bergen 10 fjord. The local wind therefore transports air pollution from the locations with the most intensive emission and towards the fjord. The efficiency of this transport is dependent on a convergence zone that can, dependent on the interplay between the local and larger-scale drivers, be located either over the fjord or over the city areas in proximity to the harbour. Different inhabited areas might therefore be affected by emissions from some or all local emission sources.
Meteorological conditions 15
As the baseline scenario for this study, we used the dominant weather conditions, which were observed during the cases with measured hourly mean NO2 concentrations above the legal threshold of 200 µg m -3 at the DP site (Bergen Kommune, 2019) .
The initial and nudging temperature profile is the average of the temperature profiles measured over central Bergen during these high air pollution conditions as shown in Fig. 2 . The geostrophic wind profile is the mean of the wind profile taken from ERA-Interim over all high air pollution conditions. Due to the low resolution of ERA-Interim and the specific topography at 20 the Norwegian west coast, the lowest grid level from ERA-Interim is located at around z = 410 m, dependent on large-scale air pressure. Therefore, the local scale flows are missing. To define a wind profile adapted to the realistic topography, we modified the wind speed profile to linearly increase from zero below z = 300 m to the actual ERA-Interim value at z = 450 m.
Additional sensitivity experiments included the wind speed being 0.5 and 1.5 times of the baseline wind speed. The geostrophic wind direction in the baseline scenario was set to wd = 110 º . Sensitivity experiments used the wind directions of wd = 90 º and 25 wd = 130 º , which cover the interval of the relevant wind directions found in the ERA-Interim data. The wind profiles for the different scenarios are shown in Fig. 3 .
During each single PALM simulation, we kept the model forcing constant, meaning that we conducted simulations with static boundary conditions. This is a necessary simplification in order to reduce the computational efforts. Each scenario was initialised with a precursor simulation running over 12 hours in order to stabilise the model circulation. At the end of the 30 precursor run, the mean meteorological parameters were not drifting any longer. After the initialisation, the simulations were https://doi.org/10.5194/acp-2019-294 Preprint. Discussion started: 8 August 2019 c Author(s) 2019. CC BY 4.0 License.
continued for another six hours with emissions applied. For multiple simulations of the same meteorological condition, we used a restart option.
We do not have consistent surface heat budget observations in Bergen. To circumvent this problem, we inferred an approximate budget. The reviewed literature (Brümmer and Schultze, 2015; Nordbo et al., 2012) suggested as a reasonable value for the scenario a constant kinematic heat flux of = -0.02 K m s -1 (≈-20 W m -2 ) over the land cells. Over the water cells (lakes and 5 sea inlets), we applied a constant surface temperature to reflect the very high heat capacity of the water mixed layer. We run three sensitivity experiments with the water surface temperature set to 0°C, 2.5°C, and 5°C. The baseline scenario is characterised by temperature inversions in the shallow ABL over Bergen. All meteorological conditions for the different scenarios are summarised in Table 2 .
Emissions 10
We obtained the road traffic emission rates from the annual mean daily traffic data. For this, we converted the traffic counts in the grid cell of the PALM model to the emission rates, , as
where is the annual mean daily number of vehicles (ADT) passing a certain grid cell; is the length of the road links per grid cell; is a suitable emission factor for the existing park of vehicles and their emission characteristics in Bergen. The 15 calculation of the emission factors for NO2 and PM2.5 is described in detail in Appendix A.
We obtained the emission rates from wood-burning fireplaces (only PM2.5), , in a grid cell as
where is the number of real estate properties with at least one registered wood-burning fireplace, per model grid cell ; is the typical emission factor for the wood-burning fireplaces. The calculation of this emission factor is described in detail in 20 Appendix B.
Both emission rates and are defined as the surface fluxes in the model. It should be noted here that the a posteriory evaluation of the PM2.5 concentrations in the simulations revealed that the provided emission rates from wood-burning fireplaces are too high. Therefore, we keep the concentration patterns but uniformly scale the calculated magnitudes by a factor of 0.1 in order to achieve reasonable concentrations. This inconsistency in the emission rates may be because either the 25 emission rates per oven were overestimated or the fireplaces are much less used than suggested by the local fire department.
There is also a degree of uncertainty related to the actual effective emission height. In the areas with the highest densities of chimneys, they typically have their exhaust at the level of the third-fourth floors. The effect of the emission height in the complex settings in the Bergen area should be assessed in more detail in future studies. However, at least the relative distribution of the pollutants should be reasonably represented assuming that the usage of ovens is similar between different 30 neighbourhoods.
We obtained emission factors for the grid cell , in which the offshore supply vessels typically are docked as where is the average emission factor per fuel spent for two representative ships provided by a local ship owning company;
and is the typical fuel usage for the ships while at berth. Both numbers are factors describing the emissions from the ship's secondary engines that are smaller than the main engines used for travel and provide the ships with power while at berth. The calculation of this emission factor is described in detail in Appendix C. 5
To compare to the most severe air pollution conditions in Bergen, all emission factors are calculated for typical high emission times, meaning daytime traffic, active usage of ovens for heating and standard emissions at berth for a busy day in the harbour in terms of the number of ships at berth.
Results
Baseline scenario simulations 10
The scenario ws01_wd01_ft01 is the baseline scenario for the air quality simulations (see Table 2 ). This scenario describes the most typical meteorological conditions during episodes with high air pollution in Bergen. The baseline scenario maintains a low-level (surface) temperature inversion in the lowermost 100 m above sea level almost everywhere over land in the Bergen simulation domain. The weak winds and wind channelling by the relief could be noted over the lowermost 400 m. Figure 4 shows the relief and vertical temperature and wind profiles in two selected areas of interest and 5 selected sub-areas for more 15 detailed analysis. Area (a) represents the harbour area at the city center, while area (b) represents an area with dense population and heavy traffic at the southwest from the city center. Area (a) is strongly affected by the sea-land temperature contrast. The enhanced mixing over the water surface dilutes the temperature inversion there. Area (b) includes the heavily trafficked road junctions at DP and around (the sub-area 4). It also includes the Bergen meteorological observatory with a large amount of meteorological instrumentation collocated in sub-area 3. 20
The wind speed and directions in the baseline scenario clearly indicate a low-level air transport in the Bergen valley towards its opening into Byfjorden -the sea inlet where the harbour is located. This channelled local circulation is likely enhanced by the sea-land temperature contrast as it has been described already through statistical analysis in and dynamical analysis in Wolf-Grosse et al. (2017a) . The latter study also addressed the distinct rotation in the wind-direction from down-valley near the ground to up-valley at around z = 300 m and down-valley again above that altitude. This rotation 25 with altitude is believed to be caused by an interaction between the large-scale meteorological circulation, the local topographic steering and the local forcing through the land-sea temperature contrast.
The temperature inversion in the simulated baseline scenario was most pronounced in sub-area 4. We assume this sub-area to observed. A more thorough discussion of the simulated and observed inversion profiles in Bergen can be found in Wolf-Grosse et al. (2017) .
Due to its high resolution, the PALM simulations created a detailed geographical dispersion pattern of the NO2 and PM2.5 concentrations in and around the city. Figure 5 shows the NO2 concentration pattern created by the road traffic emission in the baseline scenario. The underlying geographical map (land and water surfaces) is given by grey shading as a Google Maps® 5 picture. The use of geo-information tools to visualize the model simulations may facilitate the use of the simulated quantitative information in decision-making processes. The familiar map design simplifies orientation of and identification with the complicated pollution pattern.
The simulations revealed that emissions from road traffic are the dominant emission source for NO2 over the populated parts of the Bergen valley during high air pollution episodes. This was also confirmed with a detailed analysis of local pollutant 10 measurements at the two reference stations (not shown). The baseline scenario indicates that the NO2 concentrations are rather high (> 100 µg/m 3 ) not only in direct proximity to the major roads but also in many adjacent urban areas. The exact shape and structure of the valley topography imprints strongly on the local dispersion conditions. Downwind of the major road transecting through the valley areas with a channelled flow appear. These are visible as streaks of elevated pollution concentrations sometimes as high as 150 µg/m 3 . These streaks are separated by areas with pollutant concentrations below 50 µg/m 3 . The 15 atmospheric channelling follows the areas with the lowest topographic height. In addition, the small water bodies (lakes and fjords) appear as areas with relatively lower air pollutant concentrations due to their comparatively higher surface temperature and the subsequent enhanced ventilation of the lowest air layers. This fine-scale structure of the dispersion pattern is especially relevant, since the simulations indicated elevated concentrations also in areas without continuous measurements with a sufficient temporal resolution. Some urban areas might be affected by pollution transport over several kilometres and 20 accumulation of emitted substances strongly different from the emission pattern.
The dominant emission sources for PM2.5 during high air pollution episodes in the central Bergen valley turned out to be the wood-burning fireplaces. This was visible in the PALM simulations as well as in the detailed analysis of the available air pollution observations at the two reference stations (not shown). Therefore, one could expect the highest concentrations of the PM2.5 in the densely populated areas. Figure 6 shows the pattern of the PM2.5 concentrations in the baseline scenario. Distinct 25 to the NO2 pattern, the PM2.5 pattern is more evenly distributed over the entire city. The concentrations peak in the areas of the near-surface flow convergence in the lower parts of the relief. Since the wind is weak, areas with higher density of fireplaces are clearly identifiable (Fig. 1) .
The simulated patterns from different emission sources
A major advantage of the high-resolution modelling is related to model's ability to simulate separately the impact and patterns 30 of the different emission sources. As for NO2, the most significant emission sources in Bergen are related to the ships in the harbour and the road traffic. This is likely a typical arrangement for many coastal cities around the globe. We have a reasonably good estimation of the absolute ship and traffic (road vehicles) emission rates and their spatial distribution to run independent https://doi.org/10.5194/acp-2019-294 Preprint. Discussion started: 8 August 2019 c Author(s) 2019. CC BY 4.0 License. simulations of their pathways and the NO2 concentration patterns. The combined assessment of the absolute and relative contributions from these two local air pollution sources is provided in Fig. 7 . The road traffic emission dominates the urban air pollution almost everywhere in the city. The absolute emission rate per ship in port is, however, quite high. Assuming that within the assessed time, each vehicle is moved by 10 km, the emission from each ship would correspond to the emission from 1377 typical vehicles in Bergen. Using the concrete counts of the cars passing the central area, it gives us that 16 ships at berth 5 in the harbour emit about 127% of the total car emission in the considered area. Such a significantly higher emission has, however, smaller contribution to the street-level concentrations of air pollutants. The ships emit at higher elevations. As the vertical mixing is strongly reduced, their emission does not reach the ground before they are either transported offshore over the Byfjord or diluted by the horizontal air movements.
There are three major sources of the PM2.5 emission in Bergen, namely: the ships; the road traffic; and the wood-burning 10 fireplaces. Figure 8 shows that the last source (fireplaces) absolutely dominates, even after its rescaling to provide more reasonable concentrations. The emissions per ship are approximately 34 times of that from a single wood-burning fireplace after applying the scaling factor of 0.1. However, the fireplaces are emitting at lower heights above the ground and clustered in the most populated area. The ships emit the PM2.5 in the harbour area where the emitted pollution is, in many cases, effectively transported offshore and diluted over the unpopulated fjord area. The PM2.5 concentrations from the road traffic are 15 overall low.
At this point, however, the high uncertainty of PM2.5 emissions should be emphasized, as emissions by road, tire and break abrasion have been neglected in this study in addition to the necessary correction of the emissions. Deposition of small and larger sized particulate (PM) may in addition play a crucial role and correct the simulated pattern to some degree. PM deposited on the ground can lead to high peak PM concentrations, when moist urban surfaces are drying off after several days with fair 20
weather. This is especially relevant for major roads, where car induced turbulence can lead to a resuspension of dust greater than what the local wind conditions would allow for.
Air pollution pattern sensitivity to meteorological scenarios
The baseline weather scenario represents the most typical meteorological conditions leading to build-up of the air pollution in the city. The concrete observed weather conditions, however, vary and may differ from the considered scenario. Therefore, 25 the air quality assessment needs to characterize sensitivity of the pollution distribution patterns to imposed perturbations of the meteorological parameters. The strong topographic steering in the valley restricts deviations in the simulated patterns produced by the sensitivity runs. Overall, the precursor sensitivity simulations showed very similar geographical concentration patterns but with varying accumulation strengths. The sensitivity scenarios are listed in Table 1 . Only the scenarios with the most notable differences in the local dispersion conditions will be discussed below for shortness of presentation. 30
The stronger off-shore (easterly) wind (scenarios ws03_wd02_ft01 and ws03_wd02_ft02) deflect the pollutant plumes over the fjord (Fig. 9 for NO2 and Fig. 10 for PM2.5) reducing the pollutant transport out of the city centre and the harbour area. The waterfront takes most of the impact. The concentration patterns in the valley interior remain largely unchanged. We note that The most influential weather scenario with respect to the local dispersion conditions is ws03_wd02_ft03 (see Figs 11 and 12) .
A reversal of the flow at some elevation can be recognised from the up-valley transport of the emissions from ships in the harbour in Fig. 11 , while the wind vectors at the lower (z = 55 m) level still suggests a down-valley flow closer to the ground. 5
This reversal was already visible in the vertical profiles in Fig. 4 but at the higher levels, so that it was invisible in the plumedispersion at the surface (Fig. 7) . The flow reversal is also vertically more extended in this simulation (not shown). The reason for this is a change of the interplay between the locally forced circulation due to the land-sea temperature contrast, the topographic steering and the large-scale meteorological circulation. The weaker convergence over the fjord due to the lower fjord surface temperatures and the stronger large-scale winds weaken the down-valley circulation, reducing venting of the 10 pollutants from inhabited areas to the water surface in Byfjorden. Hence, the populated areas close to the water front experience increased accumulation of pollutants, especially visible for the PM2.5 concentrations in Fig. 12 . This result is counter-intuitive, as a stronger large-scale wind allows for the increased accumulation. At the same time, the highest concentrations of NO2 are reduced as the large road junctions in the interior of the valley are now affected by stronger winds and hence dispersion of the pollutants. 15
Discussion
The routine monitoring of urban air quality with a few accredited measurement stations is nowadays the main instrument of environmental protection and control mechanisms. The decision-making process is frequently assisted with statistical assessment, zonation and forecasting of the concentrations of pollution levels. As the monitoring becomes cheaper, a more detailed pattern of the urban concentration levels is gradually emerging (see e.g., the CurieuzeNeuzen project; 20 CurieuzeNeuzen, 2019). For example, the area of the Bergen municipality is covered today with five stations measuring the air quality that characterize the concentrations in the most populous districts. However, as we demonstrate in this study, such an observational network is sub-optimal and not fully representing the complexity caused by the topography of a coastal valley environment. The typical spatial scales of the surface topography and heterogeneity require in principle a denser monitoring network and refinement of the forecast models in order to reach a deeper understanding of the local dispersion conditions at 25 adequate spatial scales. In the case of Bergen, the model's resolutions of a hundred meters or finer is necessary in order to resolve the processes for distribution and accumulation of air pollutants near the surface.
Such high-resolution models are now available. The existing computer capacity allows running the model simulations for several typical meteorological scenarios, which are associated with the typically observed air pollution episodes. In Bergen, it was found that only a few of the meteorological scenarios result in high pollution concentrations . Therefore, 30 the high-resolution scenario modelling is not only technically feasible but also would create an added value for the risk and vulnerability assessment for urban areas. In future, high-resolution models could be coupled with existing routine numerical https://doi.org /10.5194/acp-2019-294 Preprint. weather forecasts and data assimilated from measurement stations. The present study was, however, limited to the air quality assessment tasks, which are related to a local policy making process. It does not intend to advance to the routine local air quality forecast.
All emissions of air pollution is harmful to the environment, however in development of pollution policies and mitigation strategies quantification of the major sources of pollution and in particular their impact on the observed elevated concentrations 5 of the pollutive substances at the street level is needed. This is a difficult assessment task as the emitted pollution is transported and dispersed by an intricate pattern of the turbulent local flows in an urban environment. The dynamic nature of the concentration patterns and their sensitivity to the variations of the meteorological conditions are not fully considered. This study demonstrates that the use of high-resolution models can contribute to overcome this challenge. The models can simulate the dynamics and specific contribution of each of the individual pollution sources into the total concentration of each pollution 10 category. The simulation results might be utilized to tune policies in a dialog with the major polluters. In the presented case of the Bergen harbour authorities, the harbour administration assesses the simulated concentration patterns to minimize the impact of the ship exhaust on the city air quality.
It should be noted here that the high-resolution dispersion pattern produced in this study is based on physical meteorological fields with an equally high resolution, thus including the effect of topographic steering and other local forcing, consistent with 15 how the simulations are defined. Other attempts to produce high resolution dispersion patterns in Bergen and other places are based on lower resolution meteorological fields but high-resolution emission maps (e.g. Miljødirektoratet, 2019) . This gives the maps a faulty high-resolution appearance that however neglects the important impact of local flow steering.
The high-resolution modelling is a relatively new approach in meteorology and air quality science. Several scientific challenges need to be resolved in future studies. Model simulations with this amount of spatial detail are difficult to validate against 20 observations. While it is possible to state that the simulated pollutant pattern and meteorological conditions are reasonably similar to the observations, a rigorous validation is challenging. Usual validation against operational weather stations run by meteorological services is not possible due to a too low spatial density of the observations. Including the abundantly available citizen observations might be a pathway for future validation (Johansson et al., 2015; Schneider et al., 2017; Zilitinkevich et al., 2015) but goes beyond the scope of this study. General validation of the modelling technique is required with dedicated 25 measurement campaigns or experiments (e.g. Hertwig, 2013) . The Bergen test bed with its high density of meteorological observations could serve as a validation case.
Initialisation of the model simulations should be improved in order to increase correspondence between observed and modelled conditions (e.g. Maronga et al., 2019) . This is necessary both, for improving the realism of the simulations but also for their validation. The subset of simulated conditions needs to be compared to the relevant subset of observed conditions. For this, a 30 better correspondence with observed cases is necessary. It is clear that model simulations with periodic boundary conditions, as it has been used in this study, are only an intermediate step. Simultaneously, a reduction of the computational costs should be assessed. Both could be achieved through nesting of model domains with different spatial resolutions as it is already routinely done for coarser scale simulations with e.g. the WRF model (Cécé et al., 2016; Muñoz-Esparza et al., 2017) . 
Conclusions
This study applied the turbulence-resolving model PALM in the local air quality context to assess the conditions and consequences of low-level emission of nitrogen dioxide (NO2) and particulate matter (PM2.5) from the major polluters in Bergen, Norway. We ran simulations at 10 m resolution over a very large geographic domain spanning 12.79 km in the zonal (East-West) and 17.27 km in the meridional (North-South) directions. In order to assess the possible bandwidth of circulation 5 conditions inside the valley we conducted a set of eight sensitivity runs with varying model forcing in addition to the baseline scenario reflecting the most typically observed air pollution conditions. We simulated separately the emissions from the three major local emission sources of air pollution. These are car traffic, heating in wood-burning fireplaces and emissions from offshore supply vessels docked in the harbour area, located next to the city centre.
The results support the following conclusions: The very high-resolution numerical simulations change our perspective on the 10 magnitude and dynamics of the air quality under the most typical air quality hazard scenarios. Small topographic features like the shape of the valley floor or local water bodies strongly affect the dispersion and accumulation conditions. This results in areas with a channelled flow, where air with a high pollution load (in excess of 150 µg/m 3 for NO2) can be transported over several hundred meters or even kilometres. Especially for PM2.5 both, areas with maximum emissions, but also areas with minimum ventilation are clearly visible in the dispersion maps. The sensitivity runs highlight the relevance of the interplay 15 between the local surface conditions and the larger-scale circulation. Attempts to model the dispersion of pollutants in this city at resolutions that are unable to resolve this interplay and the local fine-scale topographic features, will most likely fail to produce the necessary details of the dispersion map.
The separate analysis of emissions from the three major emission sources was helpful in a source-appointment of the overall pollution levels in the city centre. An assumed high impact of the ships located in Bergen harbour as the major polluter in the 20 city was not generally confirmed in the simulations. Despite the 16 ships in the harbour emitting 27% more NO2 than all cars in the simulated domain, their relative impact on the air pollution over inhabited parts of the valley exceeds 25% over a larger area only for one of the simulated scenarios. This could however be different for other, similar harbours, as our simulations attributed this lower impact to the intrinsic structure of the local circulations at the coast.
The usage of high resolution data and numerical model simulations for meteorological services gives a so-far unprecedented 25 amount of detail for end-users and allows for a direct connection of the scientific issues with an understanding of the societal dimensions as stated in the PEEX white paper (Lappalainen et al., 2016) . The Bergen Harbour Authority (BOH) deemed the results from this study as helpful for their efforts to reduce the impact of emissions from their ships on the local population.
This study serves as a demonstration of a concept for an approach of statistical dynamical downscaling applied to high 
Appendix A: Emissions from road-traffic
The emissions from road-traffic vary strongly with the composition of the vehicle fleet passing a road link. We calculated emission factors specifically for the vehicle fleet at use in Bergen.
Traffic flow information from the national road authority overlaps with the traffic flow information from Bergen municipality (section 2.2). Both include information on main roads. We assume the measurement-based traffic flow information from 5
Bergen municipality to be more representative than the model-based traffic flow information from the national road authority.
We therefore combined both into one consistent dataset giving preference to information from Bergen municipality wherever possible. The information used from the two datasets are shown in Fig. A1 .
We decided to neglect the emissions from tunnels. This is in contrast to another study recently conducted for the Bergen area based on statistical modelling (Denby, 2014) . This study split all emissions from within tunnels equally to both ends. This 10 approach neglects the ventilation system especially at use in longer tunnels that always runs either towards one side or removes air through vertical ventilation shafts at some distance from the tunnel ends, mostly away from inhabited areas. This will lead to an underestimation of street emissions at the positions of the ventilation shafts and some tunnel exits but avoids the problem of an unknown overestimation of emissions at all tunnel openings.
For the separation of the vehicle fleet in Bergen into different vehicle classes we used information from an Oslo-based survey 15 (Hagman and Amundsen, 2011) For the specific emissions per driving distance we use constant values for all streets in Bergen and a constant composition of the traffic pattern. Due to a lack of information on the specific vehicles, speeds and driving patterns along each street we 25 assume all vehicles to have emission class Euro 5 and that the vehicles are standing in congested traffic for 50 % of the time.
This gives some errors due to different driving pattern or vehicle-fleet compositions along specific roads, but a more detailed specification of the emissions would be beyond the scope of this work. The emission factors per distance and vehicle type are stated in Table A1 .
The traffic flow information is given in annual mean daily traffic flow. Typically, the highest NO2 pollutant concentrations are 30 measured between 07:00 UTC and 17:00 UTC during work days and in February. For the assessment of the traffic during these times we used the traffic information from Danmarksplass, close to the DP air pollution reference station. This area should be representative of the traffic in Bergen, as it is one of the main streets handling the city traffic. During the 10 hours 67 % and Like the street related emissions, we averaged the emissions per oven over 3 x 3 grid cells. 70 % of all wood-burning fireplaces are assumed in use during cold winter days. In addition, each property that is registered to have fireplaces might have at least one fireplace, possibly more. Together it is therefore roughly assumed that one woodburning fireplace per property might be used on a daily basis. Figure A2 shows the number of wood-burning fireplaces per grid cell after special averaging. During a typical firing cycle, a total of 11 kg wood are assumed to be used and we assume 10 that most firing takes place between 16:00 and 23:00 UTC, after people come home from work. The final emission factor per property with a fire place registered is therefore = 74.21 µg/m 2 s for PM2.5 distributed over the 100 m 2 large grid cells.
wood-burning fireplaces are assumed not to contribute significantly to the local NO2 emissions. Figure A3 shows the position of the harbour docks frequented by supply ships in Bergen together with the number of hours with supply ships docked at these locations from January 2015 to March 2016. In order to identify the most typically used locations, we specified emissions in PALM from all harbour docks with more than 2000 h of ship docking time in the analysed period. This reduced the number of supply ships with emissions specified in the PALM simulations to 16. This can be seen as 5 a higher threshold for the number of supply ships typically in the harbour, describing a busy day. For the emissions we assumed that the ships were running their secondary engines for on-board energy supply during docking.
For the assessment of the emissions per ship we used the mean numbers for two offshore oil-exploration related ship types that are the most typical in Bergen. These are the smaller offshore platform supply vessels (represented by Normand Carrier, Solstad Shipping) and the larger anchor handling vessels (represented by Normand Ranger, Solstad Shipping), both are for 10 simplicity reasons referred to as offshore supply vessels in this study. The larger ship had a weight of 3051 gross tonnage (GT) and typical NOx emissions of 41.05 g/kg spent fuel. The smaller ship had a weight of 4750 GT and typical NOx emissions of 39.28 g/kg spent fuel. According to Volker Matthias (Helmholtz Centre for Materials and Coastal Research Geesthacht, personal communication, 2016) of the total NOx emissions from these ships 10 % are NO2. The average NO2 emission of both ships is therefore = 4.02 / spent fuel. We calculated the typical fuel usage of the ships based on their weight as 15 suggested in Hulskotte et al. (2014) . The typical mean fuel usage for both ships, when at berth for these two ships were = 67 kg/h for the mean ship weight of 3900 GT. This results in a typical emission factor per supply ship of 275 g/h or = 763.31 µg/(m 2 · s) distributed over the 100 m 2 large grid cells. For the PM2.5 emissions we used = 1.5 g/kg spent fuel for both ships with 90 % of the particles in the PM2.5 size range (Volker Matthias, Helmholtz Centre for Materials and Coastal Research Geesthacht, personal communication, 2016) . This led to emission factors of 90 g/h or = 251.03 µg/(m 2 · s) 20 distributed over the 100 m 2 large grid cells for PM2.5. All these numbers assume that no specific fuel cleaning technology was in use while the ships are at berth as recommended by Even Husby (BOH, personal communication, 2016) . The emission numbers are in agreement with measurements of ship plumes some distance from the ships in Finland (Pirjola et al., 2014) .
In order to account for the elevated emission from ships we artificially increased topography at the location of the ships to a typical height of the chimneys on top of the assessed supply vessels plus an offset to account for initial plume rise. This way 25
we could specify the emissions as fluxes from the ground. Elevated fluxes were not readily available in the used PALM version.
The total increase of the topographic height at the location of the ships is 40 m. This gives an elevated plume rise but not too strong disturbance of the local flow pattern, since the increase in topographic height for the entire domain only covered 16 grid 
